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The 2003 monkeypox virus (MPXV) outbreak and subsequent laboratory studies demonstrated that the
black-tailed prairie dog is susceptible to MPXV infection and that the ensuing rash illness is similar to human
systemic orthopoxvirus (OPXV) infection, including a 7- to 9-day incubation period and, likely, in some cases
a respiratory route of infection; these features distinguish this model from others. The need for safe and
efficacious vaccines for OPVX in areas where it is endemic or epidemic is important to protect an increasingly
OPXV-naïve population. In this study, we tested current and investigational smallpox vaccines for safety,
induction of anti-OPXV antibodies, and protection against mortality and morbidity in two MPXV challenges.
None of the smallpox vaccines caused illness in this model, and all vaccinated animals showed anti-OPXV
antibody responses and neutralizing antibody. We tested vaccine efficacy by challenging the animals with 105

or 106 PFU Congo Basin MPXV 30 days postvaccination and evaluating morbidity and mortality. Our results
demonstrated that vaccination with either Dryvax or Acambis2000 protected the animals from death with no
rash illness. Vaccination with IMVAMUNE also protected the animals from death, albeit with (modified) rash
illness. Based on the results of this study, we believe prairie dogs offer a novel and potentially useful small
animal model for the safety and efficacy testing of smallpox vaccines in pre- and postexposure vaccine testing,
which is important for public health planning.

Although smallpox has been eradicated (5), orthopoxviruses
(OPXVs), such as variola virus (VARV) (6, 32), monkeypox
virus (MPXV) (3, 10, 57), vaccinia virus (VACV) (4, 76), and
others (53, 68, 77), are a continuing public health concern (61,
67). Due to cellular and humoral protective effects (7, 15, 16,
46, 73), the traditional live VACV-based smallpox vaccines
provide cross-protection against multiple OPXV threats (48).
Unfortunately, the cessation of routine vaccination (37) has
left much of the global population fully susceptible to OPXV
infections (34), and the adverse effects of first- and second-
generation vaccines (78) coupled with increases in the global
immunocompromised population (59) underline the need for
continued development and testing of safer smallpox vaccines
(30).

Testing of smallpox vaccines requires the development of
relevant animal models. Current smallpox vaccine testing ani-
mal models include ectromelia virus (ECTV) infection of mice
(75), VACV infection of mice (63), rabbitpox virus (RPXV)
and VACV infection of rabbits (1, 18), VARV and MPXV
infection of nonhuman primates (NHP) (13, 19, 21, 25, 26, 31),
and others (65, 74). Limitations of current models include
abbreviated disease incubation periods and/or differences from

human systemic orthopoxvirus disease presentation and pro-
gression The validation of alternative animal models for small-
pox vaccine testing is an ongoing effort (2, 19, 39).

The MPXV outbreak in the United States in 2003 (3) iden-
tified a potential alternative model as it established that
MPXV can be transmitted to black-tailed prairie dogs (Cyno-
mys ludovicianus) (42). Investigations of the MPXV outbreak
and epidemiological, immunological, and pathological studies
of prairie dogs infected with MPXV (8, 12, 27, 28, 35, 38, 43,
57, 58, 64, 69, 74, 80) determined that this rodent species can
manifest MPXV infection similar to human systemic OPXV
disease. This disease model shares a respiratory route of in-
fection, similar disease incubation period, and similar rash
illness (20, 29, 38, 42, 80) with human MPXV and VARV
infections, thus making it a potentially useful small animal
model for testing vaccines and therapeutics (29, 70). A partic-
ular strength of this model is its 7- to 9-day incubation period,
which is more similar to that seen in human disease than many
other animal models. Thus, this may represent a novel small
animal model system to test both pre- and postexposure vac-
cination scenarios.

This two-part study is the first to evaluate vaccine safety and
efficacy in the prairie dog animal model. In the first part,
vaccine safety was tested by inoculation of a small group of
animals with first- (Dryvax), second- (Acambis2000), and third-
generation (IMVAMUNE) VACV-based smallpox vaccines.
We compared these live vaccine virus immunizations with sim-
ilar administration of a high dose of the Western Reserve
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strain of VACV (VACV-WR) to determine vaccine safety. To
demonstrate the induction of immune responses, we moni-
tored the vaccination “take” or primary lesion formation at the
site of inoculation (except in the case of IMVAMUNE, which
is administered subcutaneously [s.c.] and is not known to elicit
a “take” in other mammalian model systems) and the subse-
quent kinetics of anti-OPXV antibodies (Abs) in vaccinated
animals.

The efficacies of these three smallpox vaccination regimens
in protection from monkeypox disease in two scenarios were
evaluated. The first MPXV challenge study (low dose) was
performed on animals previously vaccinated with Dryvax,
Acambis2000, or a single dose of IMVAMUNE. These animals
were challenged with 1 �105 PFU (17� the 50% lethal dose
[LD50]) MPXV Republic of Congo (ROC). The second
MPXV challenge (high dose) used a challenge dose of 1 �106

PFU (170� the LD50) MPXV ROC and two prior doses of
IMVAMUNE in that vaccination arm. In both experiments,
the animals were challenged 30 to 40 days postvaccination,
anesthetized, and sampled every 3 to 4 days and observed daily
for mortality and morbidity. In addition, Ab levels were mea-
sured both pre- and postchallenge to evaluate the kinetics of
vaccine-induced anti-OPXV Abs present in animals protected
from MPXV challenge. In the control arm of both scenarios,
animals were challenged with MPXV without prior vaccina-
tion. The results of this study establish the prairie dog as a
novel animal model for the testing of smallpox vaccines and
contribute to the body of knowledge regarding vaccine protec-
tion from OPXVs. These data are relevant to public health
responses and bioterrorism planning in the case of a natural
occurrence of OPXV disease or an accidental or intentional
release of VARV.

MATERIALS AND METHODS

Animals. For the vaccine safety evaluation, 18 animals (11 females, 7 males)
were randomly selected from over 200 wild-caught, live-trapped, black-tailed
prairie dogs captured in one trapping event in Boulder County, CO, for use in
this study. Animal husbandry was performed as previously described (36). For
the MPXV challenge portion of the initial study, the remaining 12 animals
were transferred to a biosafety level 3 (BSL3) facility where trained personnel
performed all work under enhanced animal BSL3 conditions. An additional
32 animals were then transferred to the same lab for the second challenge
study. At the conclusion of each study, the animals were euthanized. Animals
were cared for and managed in accordance with CDC Institutional Animal
Care and Use Committee (IACUC) policies and procedures under an ap-
proved animal protocol.

Pathogen screening. Screening for Yersinia pestis, Francisella tularensis, Barto-
nella spp., and Rickettsia spp. was outsourced to CDC’s Division of Vector-Borne
Infectious Diseases, Bacterial Diseases Branch Diagnostic and Reference Lab-
oratory, and the Division of Viral and Rickettsial Diseases, Rickettsial Zoonoses
Branch. Whole-blood samples were assayed by PCR as previously described (40,
62, 72). In addition, serum from these animals taken prior to study start was
tested in an enzyme-linked immunosorbent assay (ELISA) to detect IgG Abs to
OPXV species. All samples were negative for the pathogens tested, so no results
are described.

Mini Mitter biotelemetry. Surgery was performed on each animal in the
vaccine safety study to implant a biotelemetry transponder as described previ-
ously (36). This procedure has been shown to cause no lasting discomfort beyond
a short recovery period in multiple species (11, 23, 24, 49, 66). The ER-4000
E-Mitter transponder (Mini Mitter, Respironics, Bend, OR) was programmed to
record temperature and gross motor activity levels at 5-min intervals, and data
were analyzed using VitalView (Mini Mitter, Respironics) software. There were
no differences in temperature or activity from established baseline levels (36)
observed between any of the animal groups during the initial study. Therefore, to

minimize potential discomfort to the animals, the transponders were not im-
planted in the second challenge study.

VACV-WR virus inoculations and smallpox vaccination. The animals in the
vaccine safety study were divided into six groups of three animals each. The
Dryvax- and Acambis2000-vaccinated groups were inoculated with 2 � 105 PFU
of vaccine in 10 �l of phosphate-buffered saline (PBS) via multiple puncture
(m.p.; 15 strikes) between the shoulder blades using a tuberculin needle. The
IMVAMUNE-vaccinated group was given 1 � 108 tissue culture infectious doses
(TCID) of vaccine in 500 �l s.c. between the shoulder blades. The VACV-WR
group was inoculated with 1 � 106 PFU of virus in 10 �l PBS by m.p. (15 strikes)
between the shoulder blades. Two negative-control PBS groups of three animals
each were inoculated with either 500 �l PBS s.c. or 10 �l via m.p. (15 strikes)
between the shoulder blades. All vaccine doses were human doses, except for the
single dose of IMVAMUNE, which is normally administered twice. The higher
VACV-WR dose was equivalent to lethal doses used in mouse studies and was
administered to cause VACV pathology for use as a positive control. The second
challenge study groups were as follows: Dryvax (n � 10), Acambis2000 (n � 10),
IMVAMUNE (n � 10), and PBS (n � 2). Vaccinations for the second challenge
study (high dose) were performed identically to those described above, except
that two doses of IMVAMUNE were administered at day �60 and day �30 prior
to challenge (day 0). The animals were observed daily for inappetence and
general health. Blood samples and vaccination site and oral swabs were taken
every 3 to 4 days for 30 days to monitor disease progression.

MPXV virus challenges. In the first experiment (low-dose challenge), all an-
imals (Dryvax [n � 3], Acambis2000 [n � 3], IMVAMUNE [n � 3], and PBS
[n � 3]) were challenged intranasally (i.n.) with 105 PFU of MPXV in 10 �l PBS
administered by inserting 5 �l into each nare of sedated animals. In the second
experiment (high-dose challenge), the dose was increased to 106 PFU of MPXV.
In this second experiment, eight vaccinated animals from each group (Dryvax
[n � 10], Acambis2000 [n � 10], and IMVAMUNE [n � 10]) were challenged,
and the two remaining vaccinated animals were kept as vaccinated but uninfected
negative controls (n � 6). Both animals in the PBS group (n � 2) were unvac-
cinated and used as virus challenge controls. The virus used in both challenges
(Congo Basin MPXV strain, MPXVV-2003-38) was collected from a 2003 out-
break of MPXV in the Republic of Congo and previously sequenced (45). The
virus was passaged twice in BSC-40 cells prior to seed pool production. Verifi-
cation of inoculation titers for both experiments was accomplished by titration of
the diluted virus aliquoted for use in challenge studies.

Morbidity measurements. The principal investigator observed nasal involve-
ment and full body lesion counts for each animal during sampling. The nasal
involvement was measured using the following subjective scale: 1, mild inflam-
mation localized to the nares with one or more lesions; 2, moderate inflammation
with slight spread to the rest of the nasal area with one or more lesions; 3, severe
inflammation with spread to the rest of the nasal and oral areas with multiple
lesions; 4, draining lesions with or without secondary bacterial inflammation and
involvement of both the nasal and oral areas. The lesion count was a full body
manual count. Pictures of each animal taken at the time of observation were
randomly examined during subsequent data analysis to ensure accuracy of re-
ported results and to reduce bias.

Blood sampling and analysis. Animals were anesthetized using isoflurane gas
to effect in a chamber with maintenance of anesthesia via nose cone with the
animal on a heating block to maintain core temperature in accordance with
IACUC-approved protocols. The hind limb/groin area was sprayed with 70%
isopropanol, and a 28-gauge needle was used to collect 1 ml of blood from the
saphenous vein; the sample was distributed to a tube containing EDTA (Fisher
Scientific) for hematological analysis on a CBC-Diff veterinary hematology sys-
tem (Heska, Fort Collins, CO) or to a serum separation tube (Fisher Scientific)
for chemistry analysis on a Piccolo serum chemistry analyzer (Abaxis, Union
City, CA). There were no significant differences from established baseline values
(36) observed in any of the animal groups. Therefore, no results are reported.

Real-time PCR and tissue infectivity culture of virus. Blood and swab samples
were assayed by real-time PCR (RT-PCR) that targeted the conserved OPXV
E9L (DNA polymerase) gene as previously described (44). VACV DNA was
used as the positive control. RT-PCR results (in fg/ml) were converted to ge-
nome equivalents (GE)/ml by using the conversion factor of 1 fg � 50 GE (41).
It was previously demonstrated that RT-PCR detection of viral DNA is signifi-
cantly more sensitive than detection of PFU (28). Therefore, specimens were
first tested for the presence of OPXV DNA by RT-PCR and, if positive, were
evaluated for viable virus by tissue culture. RT-PCR-positive samples
were titrated using serial 10-fold dilutions onto BSC-40 cell monolayers, incubated
at 37°C and 5% CO2 for 72 h, and stained with crystal violet and formalin to reveal
plaques to determine viral titer. Tissue culture results were measured in PFU/ml.
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ELISAs. A modified version of the ELISA was used for analysis of anti-OPXV
immunoglobulin types A and G (35). Microtiterplates (Immulon II; Dynatech)
were coated with crude VACV (Wyeth strain) on one-half of the plate and an
equal volume of BSC-40 cell lysate diluted on the other half and incubated
overnight. After inactivation, plates were blocked, followed by three PBST
(PBS–0.05% Tween 20) washes. Prairie dog serum (diluted 1:50 to 1:1,518,750 in
assay diluent) was added to both halves of the plates and incubated. Plates were
washed, and ImmunoPure A/G conjugate (Pierce) was added and incubated.
Plates were washed, and peroxidase substrate (Kirkegaard & Perry Laboratories)
was added and allowed to develop. After development, stop solution (Kirkeg-
aard & Perry Laboratories) was added, and absorbance was read on a spectro-
photometer at 450 nm. Values reported represent the averages of duplicate wells
for each sample. Positive human vaccinee sera were used as assay controls. The
BSC-40 cell lysate half of each plate was used to generate a cutoff value (COV)
for each plate by averaging all the values of the BSC-40 lysate half and adding
two standard deviations (SD). Specimens were considered positive if the test
sample’s value was above the COV. Additionally, any plate that was outside 2 SD
of the mean of all the plates for either the lysate background optical density
(OD), lysate background SD, or the positive control OD at 1:12,150 was dis-
carded. The end point titer for each animal at each time point was determined
based on the highest dilution that was positive and was used to calculate the
geometric mean titer (GMT) and SD for each group at each time point (all SDs
were �0.5 log from the mean), and data are reported on a log scale.

HCS-GFP neutralization assay. Neutralizing antibody (NAb) titers against
VACV were measured by using a previously validated and described green
fluorescent protein (GFP)-based assay (33). Briefly, a VACV-WR strain express-
ing GFP (WR-GFP) was incubated with serum, and then the treated virus was
used to infect cells. After 24 h, formalin-fixed plates were sealed and run on the
ArrayScan high-content screening (HCS) reader with target acquisition software
(Thermo Scientific, PA). The HCS-GFP assay detects the percentage of GFP-
producing responder cells (R), and this value is then normalized to control wells
to produce the relative percent responders (RPR) titer. The reported values
below are the 50% RPR GMT previously correlated to the inhibitory concen-
tration that neutralizes 50% of viral infection (ID50) in a traditional plaque
reduction neutralization titer (PRNT) assay (33). The 50% RPR titer was cal-
culated using a modified variable slope sigmoidal equation (Hill equation, Lev-
enberg Marquardt algorithm) and Prism 5.0 software (GraphPad) with goodness
of fit to this sigmoidal curve (represented by R2) calculated by the least-squares
method. Serum samples were used to obtain a time point for each animal at day
0 or 3, 7 or 10, 14 or 17, 21 or 24, and 28 days post-MPXV challenge; EDTA
blood samples were used if serum was not available for a 3-day window (day 0 or
3, 7 or 10, etc.). All data used in this analysis had assay-specific R2 values greater
than 0.9000.

Statistical analysis. Prism 5.0 (GraphPad) was used for statistical analyses.
Data to be analyzed passed the D’Agostino-Pearson omnibus test, which mea-
sures the deviation from a predicted Gaussian distribution by skewness (asym-
metry) and kurtosis (shape), and thus further statistical analyses were performed
assuming a Gaussian “normal” distribution (41). The ordinary two-way analysis
of variance (ANOVA) parametric assay with a Bonferroni post test was used to
compare data for weight loss, nasal involvement, lesion counts, viral DNA, and
infectious virus among the unvaccinated, uninfected, and vaccinated groups at
each time point. Comparisons of morbidity and mortality among groups were
accomplished using survival curves with P values determined by the Kaplan-
Meier method.

RESULTS

Smallpox vaccines are safe for use in the prairie dog model.
Several disease markers, including weight loss, were observed
to evaluate the safety of smallpox vaccines in this model. As
shown in Fig. 1A, the group of animals inoculated with
VACV-WR demonstrated a statistically significant weight loss
on day 15 of infection compared to the PBS group (P � 0.0296;
two-way ANOVA). For the VACV-WR-infected animals, the
mean weight loss was 25.06 � 12.03 g (�5%). The PBS group
did not exhibit a significant weight loss after mock vaccination,
nor did those animals vaccinated with Dryvax, Acambis2000, or
IMVAMUNE.

Other disease markers of OPXV infections include lesion
formation and ocular involvement. To ensure that human

smallpox vaccine doses did not cause disease in these animals,
we “modeled” vaccinia virus infection in prairie dogs by infect-
ing them with a large dose of VACV-WR (1 � 106 PFU). This
dose, which is 5 times larger than the vaccine doses, was given
to ensure that some disease was seen, for comparison with
human doses of replication-competent Dryvax or Acambis2000
vaccines (2 � 105 PFU). In the VACV-WR-infected group, 2
of 3 animals showed signs of ocular involvement, and one of
these formed disseminated lesions. The groups vaccinated with
Dryvax, Acambis2000, IMVAMUNE, or PBS showed no dis-
seminated lesion formation or ocular involvement. Figure 1B
shows these findings in the context of the disease course of
VACV-WR infection in the prairie dog. Ocular involvement
appeared at day 11 of infection, peaked at day 14, and cleared
by day 21. Disseminated lesions were found in the oral area
(observed on day 14, cleared by day 21) and the groin area
(observed on day 17, cleared by day 21). Tissue samples taken
at necropsy (day 28) for the three VACV-WR-infected animals
and three PBS animals were negative for pathology by hema-
toxylin and eosin staining and negative for OPXV by immu-
nohistochemistry staining (data not shown).

Figure 1C summarizes the time course of VACV-WR dis-
ease pathology in the prairie dog. Additional data used to
formulate the disease time course (described here, but data are
not shown) included OPXV DNA in blood and infectious virus
cultured from oral swab eluates. The only group of animals
that tested positive for viral DNA in blood was the VACV-
WR-infected group (�60,000 GE/ml). Infectious virus was
detected on day 11 of infection in oral swabs from the VACV-
WR-infected group (1 of 3 animals; 102.5 PFU) and Dryvax-
vaccinated group (1 of 3; 102.5 PFU). On day 14, infectious
virus was found in the VACV-WR-infected animals (2 of 3; 101

to 102 PFU) and Dryvax-vaccinated animals (1 of 3; 103.5

PFU). By day 23, the only infectious virus cultured from oral
swabs was found in the WR-VACV group (1 of 3 animals; 101

PFU). On day 28, all blood samples were negative for viral
DNA, and all oral swabs were negative for viral DNA and
infectious virus (data not shown).

Smallpox vaccination induces humoral immune responses
in prairie dogs. Traditional methods of measuring the induc-
tion of an immune response after smallpox vaccination are
an observable “take” (formation of lesion, or jennerian pus-
tule, at site of inoculation) and the induction of anti-OPXV
Abs. No take was seen in animals inoculated with
IMVAMUNE, as it was administered s.c. and usually un-
dergoes no more than one round of replication in mamma-
lian tissue. For the VACV-WR-infected and Dryvax-vaccinated
animals, the lesion formation initiated on days 2 to 4 and scab
detachment occurred at �day 19 to 20. In the Acambis2000-
vaccinated animals, the lesion formation initiated around day 5 to
7 and scab detachment was observed around days 22 to 25.
The take lesions in VACV-WR-infected and Dryvax- and
Acambis2000-vaccinated animals were similar in size, at approx-
imately 0.5 cm in diameter (data not shown). RT-PCR performed
on DNA extracted from eluates of swabs of the take site detected
high levels of OPXV DNA (�600,000 GE/ml) in VACV-WR-
infected animals (through day 21) and Dryvax-vaccinated animals
(through day 8), with Acambis2000-vaccinated animals having
lower levels of OPXV DNA (�60,000 GE/ml) through day 8.
Infectious virus was only cultured from the swabs of the
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VACV-WR primary lesion (102.5 PFU/ml) on day 8 (data not
shown).

Administration of smallpox vaccines to prairie dogs induces
the formation of anti-OPXV IgG Abs (Fig. 2). To measure Ab
kinetics, we sampled sera from each animal at multiple time
points by ELISA both before and after MPXV challenge. For
low-dose (105 PFU) MPXV-challenged animals (Fig. 2A to C)
previously vaccinated at day �28, anti-OPXV Abs were de-
tectable in all animals from day �14. For the Dryvax-vacci-
nated animals, the GMT at day �14 was 1.22 � 104 (Fig. 2A).
The GMT for Acambis2000-vaccinated animals (Fig. 2B) was
slightly lower, at 4.05 � 103. The Ab level for the group of
animals receiving a single dose of IMVAMUNE (Fig. 2C) was
still lower, with a GMT of 1.96 � 101 on day �14. On the day
of challenge (day 0), the GMTs of anti-OPXV Abs were 3.55 �

104 for Dryvax-vaccinated, 2.74 � 103 for Acambis20000-vac-
cinated, and 1.04 � 102 for one-dose IMVAMUNE-vaccinated
animals.

In animals challenged with the high dose (106 PFU) of
MPXV (Fig. 2D to F), the IMVAMUNE-vaccinated animals
received the first of two doses of IMVAMUNE 60 days prior
to challenge (day �60). By day �30, the first dose of
IMVAMUNE had induced Abs in this group to a GMT of
1.39 � 102 (Fig. 2F). On day �30, these animals were boosted
with a second dose of IMVAMUNE, and the other groups of
animals were vaccinated with Dryvax or Acambis2000. On the day
of challenge (day 0), the GMT for Dryvax-vaccinated animals was
2.68 � 103 (Fig. 2D). Acambis2000-vaccinated animals had a
slightly lower GMT of 1.18 � 103 (Fig. 2E); values for both of
these groups were similar to what was seen in the low-dose

FIG. 1. VACV-WR pathogenicity in prairie dogs. (A) Percent weight loss, determined by measuring animal weights every 3 days postvacci-
nation and comparing those to the weight of the animal on the day of inoculation. Significant weight loss in the VACV-WR-infected group of �5%
was determined by two-way ANOVA (P � 0.0296). (B) Photographs of VACV-WR-inoculated prairie dogs are arranged to show representative
data demonstrating the appearance and resolution of ocular infections (top row), secondary oral lesions (middle row), and secondary groin lesions
(bottom row). (C) Summary chart illustrating many of the salient events during VACV-WR infection in the prairie dog.
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challenge group. Importantly, the GMT for the 2-dose
IMVAMUNE-vaccinated animals was 1.35 � 103, 12.9-fold
higher than the level of Abs induced in the low-dose challenge
group, for which animals received only a single dose of
IMVAMUNE.

Vaccinated animals produce Anti-OPXV Abs faster than
unvaccinated animals post-MPXV challenge. Figure 3 shows
the absolute count and kinetics of postchallenge Abs for vac-
cinated and unvaccinated animals for each vaccination regi-
men in both low-dose (Fig. 3A to C) and high-dose challenges

FIG. 2. Vaccination-induced anti-OPXV antibody kinetics prechallenge. ELISAs were performed to measure anti-OPXV antibody titers present in
the sera of vaccinated animals prior to challenge. In the low-dose group (single IMVAMUNE), all vaccinations took place on day �30 (A to C [n � 3]).
For the high-dose study (two doses of IMVAMUNE), the initial IMVAMUNE dose was given at day �60, and the second dose of IMVAMUNE and
the Dryvax or Acambis2000 doses were given at day �30 (D to F [n � 8]). Day 0 was the day of MPXV challenge. The GMT per group is graphed on
a log scale. Results for sera collected from animals vaccinated with Dryvax (A and D), Acambis2000 (B and E), and IMVAMUNE (C and F) are shown.
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(Fig. 3D to F) as measured by ELISA. In the low-dose (105

PFU) MPXV-challenged animals, the inoculation of animals
with MPXV led to a rapid anamnestic increase in anti-OPXV
Abs in animals in the Dryvax and Acambis2000 groups (Fig. 3A
and B), reaching GMTs of 3.55 � 104 and 3.00 � 104, respec-
tively, by day 7 postchallenge. Interestingly, the GMT of the
IMVAMUNE-vaccinated group was 5- to 6-fold lower at

5.84 � 103. The unvaccinated group had a GMT of 6.49 � 102

on day 7. In the high-dose study (106 PFU), all vaccinated
animals (Fig. 3D, E, and F) again demonstrated an anamnestic
response, with group GMTs for Dryvax animals of 1.13 � 104,
for Acambis2000 animals of 1.06 � 104, and for IMVAMUNE
animals of 4.65 � 103 by day 7. The unvaccinated animals
challenged with the high dose of MPXV generated a 6-fold-

FIG. 3. MPXV challenge-induced anti-OPXV antibody kinetics. ELISAs were performed to measure antibody titers of anti-OPXV antibodies
present in the sera of animals. The GMT per group is graphed on a log scale. Serum was collected on day 0, day 7, day 14, day 21, and day 28 from
each animal in the low-dose (single IMVAMUNE; n � 3; A to C) and high-dose (two-dose IMVAMUNE; [n � 8]; D to F) challenge groups. Data
for animals vaccinated with Dryvax (A and D), Acambis2000 (B and E), and IMVAMUNE (C and F) are shown.
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higher level of Abs than the unvaccinated animals challenged
with the lower MPXV dose (4.05 � 103 versus 6.49 � 102). In
summary, Dryvax and Acambis2000 vaccination induced total
Abs to levels that were higher than in unvaccinated animals on
day 7 in both the low- and high-dose studies. IMVAMUNE-
induced total Abs were higher than in unvaccinated animals in
the low-dose study, but not the high-dose study.

The HCS-GFP neutralization assay (33) was used to mea-
sure NAb function for all animals in the high-dose challenge
group in order to establish that the Ab kinetics we observed in
the ELISA (described above) were also true for NAbs. Figure
4 shows the geometric mean NAb titers for each vaccine group
(Dryvax [n � 8], Acambis2000 [n � 8], and IMVAMUNE [n �
8]) compared to the geometric mean NAb titer for the unvac-
cinated PBS group (n � 2). The ELISA data for the high-dose
study reported above are recapitulated in Fig. 4 to allow com-
parison between ELISA and NAb kinetics.

These results show that Dryvax, Acambis2000, and
IMVAMUNE animals had NAb titers of 2.38 � 102, 8.94 �
101, and 6.26 � 102 on day 0, respectively. On day 7 these titers
had increased to 1.61 � 104, 4.79 � 103, and 5.58 � 103,
respectively. The NAb response to MPXV challenge in the
unvaccinated animals rose to 1.94 � 103 by day 7. In summary,
Dryvax-vaccinated animals had a Nab titers 8.9-fold higher
than unvaccinated animals on day 7, and the NAb levels of
Acambis2000- and IMVAMUNE-vaccinated animals were, re-
spectively, 2.5- and 3-fold higher than in unvaccinated animals
on day 7.

All vaccines protected prairie dogs from weight loss in both
low- and high-dose MPXV challenges. Both low-dose (105

PFU) and high-dose (106 PFU) MPXV challenges resulted in
a demonstrable weight loss in the unvaccinated animals, be-
ginning after day 6 (Fig. 5). The low-dose MPXV-challenged
unvaccinated animals recovered and began to regain weight by
day 21, with an average weight loss of 39.0 g � 21.1 g (�5%)
(Fig. 5A), while the high-dose MPXV-challenged unvaccinated
animals fared poorly, with one death recorded on day 11. The
second unvaccinated animal became very ill with multiple le-
sions and severe nasal involvement and never recovered from
a weight loss of 94.5 � 15 g (�13%) (Fig. 5B) before being
euthanized. The weight loss for high-dose unvaccinated ani-
mals was greater than, and highly statistically different from,
that observed in the unchallenged animals at days 14, 17, and
21 (P � 0.01 and P � 0.001; two-way ANOVA). Importantly,
none of the animals previously vaccinated with Dryvax,
Acambis2000, or IMVAMUNE showed a significant weight
loss compared to the unchallenged animals at either challenge
dose.

Differences among smallpox vaccines in protection of ani-
mals from nasal involvement and rash illness in MPXV chal-
lenge. Figure 6 shows representative samples of the nasal
area lesions/inflammation, which appeared by day 7 at the
site of inoculation (Fig. 6A). Systemic infection then led to
disseminated lesions (Fig. 6B), initially in the groin and
axillary regions (by day 9) and then on the dorsal and ventral
surfaces (by day 11) of the animal. Except for those in the
nasal area (site of inoculation), the lesions progressed
through the normal stages of OPXV lesions: macular, ve-
sicular, pustular, and then drying and desquamation. Nasal
lesions remained at the vesicular stage and were the first to

form and last to heal, often developing into open sores with
a moderate incidence of secondary bacterial infections. Oc-
ular infections developed in some animals, but these may
have been secondary infections caused by self-inoculation

FIG. 4. MPXV challenge-induced anti-OPXV neutralizing anti-
body response. Animals from the Dryvax (A), Acambis2000 (B), and
IMVAMUNE (C) groups were evaluated by HCS-GFP neutralization
assay to measure NAb function. GMTs (which correlate with 50% PRNT
titers [32]) for each group are shown, along with antibody GMTs obtained
from ELISAs (gray) and unvaccinated control animals (blue).

VOL. 85, 2011 NOVEL ANIMAL MODEL FOR SMALLPOX VACCINE TESTING 7689



and did not differ significantly among experimental groups
(data not shown).

In the low-dose MPXV-challenged animals, nasal involve-
ment was minimal in the unvaccinated and IMVAMUNE
single-dose-vaccinated animals and nonexistent in the Dryvax-
and Acambis2000-vaccinated animals (data not shown). How-
ever, in the high-dose, MPXV-challenged animals (Fig. 6C),
most animals had nasal involvement: (unvaccinated [2 of 2],
IMVAMUNE two-dose group [8 of 8], Dryvax [5 of 8], and
Acambis2000 [6 of 8]). All vaccinated animals had less nasal
symptomatology than unvaccinated high-dose MPXV-chal-
lenged animals, but of these, only the IMVAMUNE two-dose-
vaccinated animals and unvaccinated animals showed signifi-
cantly higher levels of nasal involvement than the unchallenged
animals at days 14 (mean scores of 2 and 4, respectively), 17
(scores of 1.5 and 4), and 21 (scores of 1 and 2) (P � 0.05;
two-way ANOVA).

Disseminated lesion formation was measured by a manual
count of body lesions. Dryvax- and Acambis2000-vaccinated
animals were completely clear of body lesions in both chal-
lenge studies. A comparison of lesion formation in the low-
dose MPXV-challenged animals demonstrated that only the
unvaccinated animals (3 of 3 animals, 2 to 24 lesions) and
IMVAMUNE-vaccinated animals (3 of 3 animals, 3 to 14 le-
sions) showed any rash burden, and there was no statistical
difference between these two groups when one dose of
IMVAMUNE was administered (Fig. 6D). In the high-dose
MPXV-challenged animals, the unvaccinated (2 of 2 animals, 2

to 20 lesions) and IMVAMUNE two-dose-vaccinated animals
(6 of 8 animals, 1 to 2 lesions) were again the only groups to
form lesions, but the IMVAMUNE-vaccinated animals had
significantly less rash illness than unvaccinated animals when
two doses of IMVAMUNE were administered (P � 0.001;
two-way ANOVA) (Fig. 6E).

Differences in viral DNA in blood and infectious virus in
oral swabs among animals vaccinated with different smallpox
vaccines. We measured the OPXV DNA load in blood from
vaccinated and unvaccinated animals in both the low- and
high-dose MPXV challenge groups. Although the assay is a
generic OPXV DNA assay, the DNAemia detected is referred
to here as MPXV, since any OPXV DNA attributable to the
vaccine had cleared by the time of the MPXV challenge (data
not shown). In the low-dose MPXV challenge group that re-
ceived the one-dose IMVAMUNE vaccination (data described
here but not shown), the viral DNA load in blood on day 3 in
all animals was 103 GE/ml. Viral DNA load peaked at days 7
to 9 with all groups, having similar levels (104.5 GE/ml). By day
21, the viral DNA in all animals was detectable at very low
levels (�102 GE/ml), and the levels among the groups were
again indistinguishable. The viral DNA levels decreased below
detectable levels by day 28 in all challenged animals. The
differences in MPXV DNA load, measured in blood, between
vaccinated and unvaccinated animals did not reach statistical
significance at any time point (data not shown). Similar to the
low-dose challenge group, the MPXV DNA load in blood in
the high-dose MPXV-challenged animals (Fig. 7A) showed

FIG. 5. Weight loss after MPXV challenge. Group mean animal weights (in grams) were determined for Dryvax-, Acambis2000-, or
IMVAMUNE-vaccinated animals or mock-vaccinated (PBS) or uninfected animals in the low-dose (A) and high-dose (B) MPXV challenge
groups. All groups were compared by using a two-way ANOVA. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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FIG. 6. Morbidity measurements in MPXV-challenged animals. Representative photos of nasal lesions (A) (with a score of 3 [see the text
for a description of the subjective scale used]) and secondary lesions (B) are shown. Nasal lesions from high-dose challenge (C) and
secondary lesion counts from low-dose (D) and high-dose (E) challenged animals are also shown for comparison of these pathogenicity
markers among vaccinated, unvaccinated, and uninfected groups. All groups were compared with a two-way ANOVA. *, P � 0.05; **, P �
0.01; ***, P � 0.001.
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FIG. 7. Viral loads in blood (DNA) and oral swabs (in PFU/ml) in MPXV-challenged vaccinated and unvaccinated animals. RT-PCR of DNA
extracted from blood samples from high-dose challenge (A) and infectious virus cultured from the eluate of oral swabs during low-dose challenge
(B) and high-dose challenge were analyzed for differences in viral loads among vaccinated, unvaccinated, and uninfected animal groups.
Comparisons among groups were made using a two-way ANOVA. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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similar kinetics and demonstrated that there was no statistical
difference between Dryvax-vaccinated, Acambis2000-vacci-
nated, and uninfected animals at any time point. In contrast to
the low-dose MPXV challenge, we observed statistically signif-
icant differences in DNAemia among the animal groups. On
day 3 all vaccinated animal groups (104 GE/ml) had lower
levels of viral DNA in blood than the unvaccinated animals
(108 GE/ml) (P � 0.05; two-way ANOVA). By day 7, both the
IMVAMUNE two-dose-vaccinated animals and the unvacci-
nated animals had significantly higher levels of MPXV DNA
(106 GE/ml) in blood than Dryvax- or Acambis2000-vaccinated
animals (105 GE/ml) (P � 0.05; two-way ANOVA). Surpris-
ingly, on day 14, the IMVAMUNE two-dose-vaccinated ani-
mals continued to have significantly more MPXV DNA (106

GE/ml) than did the Dryvax-vaccinated (102 GE/ml) and
Acambis2000-vaccinated animals (103 GE/ml) and even the
surviving unvaccinated animal (104 GE/ml) (all with P values of
�0.05; two-way ANOVA).

We performed quantitative plaque assays with extracts from
oral swabs to compare levels of infectious virus among the
experimental groups. In the low-dose MPXV-challenged ani-
mals, the amount of infectious virus in oropharyngeal swabs
showed no statistically significant differences among the groups
at any time point, although some trends were noted (Fig. 7B).
On day 3, all previously vaccinated groups (102.5 to 103 PFU/
ml) had slightly lower levels of infectious virus in oral swabs
than did unvaccinated animals (104 PFU/ml). On day 7 (103

PFU/ml) and day 14 (102 PFU/ml), all animal groups had
virtually indistinguishable levels of infectious virus in oral
swabs, and by day 21 all animals had low levels of infectious
virus (�101 PFU/ml). In contrast, differences between unvac-
cinated and vaccinated groups were seen in the high-dose
MPXV-challenged animals. On day 3, the unvaccinated ani-
mals, Acambis2000- and IMVAMUNE two-dose-vaccinated
animals had infectious viral titers of 103 PFU/ml, with Dryvax-
vaccinated animals having an infectious viral load of 102 PFU/
ml. On day 7, IMVAMUNE two-dose and unvaccinated chal-
lenged animals had significantly (P � 0.05; two-way ANOVA)
higher amounts of infectious virus (106 PFU/ml) in oral sam-
plings than either Dryvax- or Acambis2000-vaccinated animals
(105 PFU/ml). On day 14, the only infectious virus seen in the
oral swabs was in unvaccinated animals (107 PFU/ml) and
IMVAMUNE two-dose-vaccinated animals (104 PFU/ml), al-
though only the unvaccinated animals were significantly differ-
ent than the uninfected controls (P � 0.05; two-way ANOVA).
By day 21, all animals had cleared the virus.

RT-PCR of DNA extracted from oral swab eluates for
MPXV was also performed and showed similar kinetics and
group differences in both the low- and high-dose challenges,
with viral DNA in oral swabs (in GE/ml) typically 0.5 to 1.0 log
higher than the infectious virus (in PFU/ml) results (data de-
scribed but not shown). There were no statistically significant
differences in the MPXV DNA levels among any of the animal
groups that received the low-dose MPXV challenge. On days 3
and 7, all groups had similar amounts of DNA (105 GE/ml),
with viral DNA levels dropping on days 14 and 21 (103 GE/ml)
and viral clearance by day 28. In the high-dose MPXV chal-
lenge groups, no statistical difference in oral swab-derived
MPXV DNA was seen between Dryvax-vaccinated, Acam-
bis2000-vaccinated, or uninfected animals at any time point.

Similar to results for infectious virus in oral swabs, on day 7 the
IMVAMUNE two-dose-vaccinated animals had significantly
more (P � 0.01; two-way ANOVA) MPXV DNA (107 GE/ml)
than Dryvax-vaccinated or Acambis2000-vaccinated animals
(105 GE/ml) detected in oral swabs.

Differences in mortality and rash illness among animals
vaccinated with different smallpox vaccines. In both low- and
high-dose MPXV challenge groups, the Dryvax, Acambis2000,
and IMVAMUNE vaccinations protected animals that re-
ceived MPXV challenge from death, but efficacy varied when
measured by rash burden (Fig. 8). In the low-dose MPXV
challenge groups, no animals, including the unvaccinated ani-
mals, died after the MPXV challenge (Fig. 8A). Using rash
illness as a marker of morbidity in low-dose MPXV-challenged
animals (Fig. 8B), neither Dryvax- nor Acambis2000-vacci-
nated animals presented with lesions. In contrast, all the un-
vaccinated animals (3 of 3 animals, 2 to 24 lesions) and
IMVAMUNE one-dose-vaccinated animals (3 of 3 animals, 3
to 14 lesions) challenged with MPXV presented with lesions
around days 9 to 12. These groups were statistically indistin-
guishable from each other and had significantly more rash
illness than the Dryvax- and Acambis2000-vaccinated groups
(P � 0.0384; Kaplan-Meier survival analysis).

After a high-dose MPXV challenge, the Dryvax (8 of 8
animals), Acambis2000 (8 of 8 animals), IMVAMUNE two-
dose (8 of 8 animals), and uninfected groups (8 of 8 animals)
survived, whereas 1 of 2 unvaccinated animals died on day 10
(Fig. 8C). The 50% mortality was less than the 100% that was
expected. Even with this observed mortality, the unvaccinated
group manifested significantly higher mortality (P � 0.0030;
Kaplan-Meier survival analysis) than any vaccinated group.

In the rash illness analysis for this study (Fig. 8D), the
unvaccinated animals (2 of 2 animals, 16 to 20 lesions) showed
lesion formation beginning around days 9 to 12, as did the
IMVAMUNE two-dose group (6 of 8 animals, 1 to 2 lesions),
but all animals (8 of 8) in the Dryvax- and Acambis2000-
vaccinated groups were lesion free. Both the Dryvax- and
Acambis2000-vaccinated groups were statistically indistin-
guishable from uninfected controls or each other, whereas
both the unvaccinated and IMVAMUNE two-dose-vaccinated
groups included significantly more animals presenting with
rash illness than either the Dryvax- or Acambis2000-vaccinated
groups (P � 0.0027; Kaplan-Meier survival analysis). While the
unvaccinated and IMVAMUNE-vaccinated groups were not
statistically significantly different from each other in the num-
ber of animals that exhibited rash illness (2/2 and 6/8), the
number of lesions on individual IMVAMUNE vaccinated an-
imals (1 to 2 lesions) was lower than the lesion counts on
individual unvaccinated animals (16 to 20 lesions). All animals
in all groups at either dose cleared lesions around day 21. In
summary, all vaccines protected the animals from mortality in
these studies. Animals that received Dryvax or Acambis2000
vaccination were protected completely from morbidity,
whereas IMVAMUNE-vaccinated animals exhibited (modi-
fied) rash illness.

DISCUSSION

Protection of an increasingly vulnerable population (60) and
the development of safer smallpox vaccines (22) remain ongo-
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ing research concerns. In this study, we attempted to (i) estab-
lish the black-tailed prairie dog as a novel smallpox vaccine
testing model and (ii) contribute to the body of knowledge
regarding protection of first-, second-, and third-generation
smallpox vaccines when used prophylactically.

To establish the prairie dog as a valid vaccine model, we first
evaluated the safety of current smallpox vaccines in this model
by comparing any disease manifestations and virus shedding to
those of animals infected with a high-dose of VACV-WR. We
demonstrated that VACV-WR (106 PFU) m.p. infection in
prairie dogs caused weight loss, local and disseminated lesions,
ocular infections, presence of viral DNA in blood, and viral
DNA and infectious virus in oral swabs. Conversely, m.p. in-
oculation of prairie dogs with human doses of Dryvax or
Acambis2000 (105 PFU; 5 times less virus than the VACV-WR
infection) or s.c. inoculation of IMVAMUNE (108 TCID50)
did not induce any demonstrable illness (Fig. 1), indicating that
any disease we see in MPXV challenge studies is due to chal-
lenge virus and not vaccine.

To compare vaccine-induced immune responses between
one- and two-dose IMVAMUNE regimens, we measured total
anti-OPXV IgG antibodies for all three vaccines at the peak of
antibody induction (with day 0 at 30 days postvaccination). At
this time point, vaccine-induced total antibodies were greater
in Dryvax-vaccinated (3.55 � 104) and Acambis2000-vacci-
nated (2.74 � 103) animals than in animals vaccinated with one
dose of IMVAMUNE (1.04 � 102). However, 30 days after a
second dose of IMVAMUNE was administered, total anti-
OPXV Abs in these animals (1.35 � 103) were at levels similar

to Dryvax-vaccinated (2.68 � 103) or Acambis2000-vaccinated
(1.18 � 103) animals (Fig. 2). Our results confirmed the boost-
ing effect of the second dose of IMVAMUNE (17), as Abs
induced with a single dose were 12.9-fold lower than the level
induced by two doses.

Because vaccine-induced NAbs are considered a vital im-
mune response for protection against monkeypox challenge in
NHP (15) and to better compare our experiments to previously
reported animal studies, we measured NAb titers for animals
vaccinated with Dryvax, Acambis2000, or two doses of
IMVAMUNE. Our results showed that two-dose IMVAMUNE
(6.26 � 102) induced a higher peak level of NAbs (with day 0
at 30 days after the second vaccination) than Dryvax (2.38 �
102) or Acambis2000 (8.94 � 101). This is consistent with
previous reports that “first-generation” vaccines induce similar
higher levels of anti-VACV NAbs than “second-generation”
vaccines (22), and it recapitulates findings (17) where, in hu-
man volunteers, two doses of MVA generated higher levels of
NAbs than Dryvax alone. Similarly, in MPXV-infected NHP
(13) and RPXV-infected rabbit challenge models (18), a two-
dose MVA regimen elicited higher levels of NAbs than Dryvax.
In summary, the observation that vaccinated animal serum
showed induction of total Abs and NAbs consistent with pre-
vious studies, coupled with the evidence of a “take” seen in
Dryvax-vaccinated and Acambis2000-vaccinated animals, led
us to hypothesize that smallpox vaccination would be effica-
cious in protecting prairie dogs from MPXV challenge.

To determine if these vaccines protected the animals from
death from MPXV challenge, we administered a high- or low-

FIG. 8. Mortality and rash burden in vaccinated and unvaccinated MPXV-challenged prairie dogs. Mortality (A and C) and rash burden (B and
D) of both low-dose (A and B) and high-dose (C and D) challenge groups are shown. The Dryvax, Acambis2000, and IMVAMUNE single and
two-dose regimens are compared to unvaccinated and unchallenged animals. Comparison of mortality and morbidity curves was accomplished
using the Kaplan-Meier method.
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dose MPXV challenge to various vaccinated animal groups
and compared survival to that observed in unvaccinated con-
trols. All previously vaccinated animals survived and mani-
fested less morbidity than was seen in unvaccinated animals,
indicating that the vaccines were protective. Although these
were designed as 17� and 170� LD50 studies, we did not
observe 100% lethality for unvaccinated challenged animals.
Our sample sizes for each group were chosen to minimize
animal usage while maintaining statistical significance and
used mortality estimates based on an LD50 of 5.9 � 103 PFU/
ml, calculated using the Reed-Muench equation (27). Based on
multiple publications (27, 29, 70) and additional unpublished
work in our lab (P. Hudson, C. L. Hutson, and S. K. Smith), we
expected a lethal challenge with unvaccinated control animals
requiring euthanasia around day 12 of the study. Although that
did not occur, the one control animal in the high-dose chal-
lenge study that survived to the end of the study (day 28) was
severely ill and had not fully recovered from illness at the study
end point. Although all vaccinated survivor animals were gain-
ing weight and their lesions had resolved by study day 28, the
survivor control animal barely maintained 87% of its initial
weight and its lesions were incompletely resolved at day 28;
however, the surviving control animal did not fully meet eu-
thanasia criteria. Despite this, there was a statistically signifi-
cant difference between survival of any of the vaccinated group
arms and unvaccinated control arm in the high-dose MPXV-
challenged animals (Fig. 8), leading us to conclude that all
three vaccines were protective against mortality in this animal
model.

In order to identify broad differences in the abilities of each
vaccine to protect the animals from MPXV-induced illness, we
evaluated the effects of vaccination on weight loss, inflamma-
tion at the site of inoculation of MPXV challenge virus, and
disseminated lesions. Unvaccinated animals had demonstrable
weight loss (Fig. 5) and nasal involvement and rash illness (Fig.
6) at both doses. The Dryvax- and Acambis2000-vaccinated
animals demonstrated no weight loss (Fig. 5) and no dissemi-
nated rash illness (Fig. 6) regardless of MPXV challenge dose.
After high-dose MPXV challenge, the Dryvax- and Acam-
bis2000-vaccinated animals had very mild nasal involvement
throughout the illness course compared to the unvaccinated
animals (Fig. 6), indicating the overall effectiveness of Dryvax
and Acambis2000 against systemic OPXV disease. This reca-
pitulates findings from an NHP intravenous (i.v.) challenge
study with �10 times the LD50 (3.8 � 107 PFU), which dem-
onstrated that vaccination with Acambis2000 was protective
against both death and rash illness in macaques. All protective
markers in the Acambis2000-vaccinated animals were virtually
indistinguishable from the Dryvax-vaccinated animals chal-
lenged with the same dose (47), which is similar to what we
observed in both our 17� LD50 and 170� LD50 challenge
studies.

The prairie dogs that were previously vaccinated with one or
two doses of IMVAMUNE did not show a demonstrable
weight loss (Fig. 5) after MPXV challenge. Interestingly,
both groups of IMVAMUNE-vaccinated/MPXV-challenged
animals did have significantly more signs of illness than
the Dryvax- or Acambis2000-vaccinated/MPXV-challenged
animals (Fig. 6), although this illness was attenuated in
IMVAMUNE-vaccinated compared to unvaccinated animals.

This recapitulates findings from previously reported animal
studies that demonstrated that two-dose IMVAMUNE vacci-
nation, although protective against mortality, does not prevent
all morbidity upon MPXV challenge. In one NHP �10� LD50

(5 � 107 PFU) MPXV i.v. challenge study, 6 of 6 MVA-
vaccinated animals developed lesions, compared to none of the
Dryvax-vaccinated animals (13), which is comparable the re-
sults of our high-dose (106 PFU) prairie dog study when we
used a two-dose IMVAMUNE regimen. Using this same NHP
model, a single dose of MVA 30 days prior to challenge re-
sulted in 4 of 4 MVA-vaccinated animals developing lesions,
whereas the Dryvax-vaccinated animals did not (14). This was
similar to what we observed in our low-dose (105 PFU) study
when we administered a single dose of IMVAMUNE.

Because the i.v. route of infection used in the studies above
is not typical of human systemic OPXV infection, and our
model uses an i.n. route of infection, we also compared our
study to an NHP study that used intratracheal (i.t.) adminis-
tration of 107 PFU MPXV after vaccination with Elstree-
RIMV or 2 doses of MVA-BN. In this study, no lesions were
seen in animals vaccinated with Elstree-RIMV, but 1 (of 6)
MVA-BN-vaccinated animals developed rash illness, similar to
3 (of 3) unvaccinated control animals (47). In the RPXV-
infected rabbit animal model, vaccination with Dryvax or two
doses of IMVAMUNE protected against death from an
�500� LD50 aerosolized RPXV challenge, but a comparison
of rash illness cannot be done, as the rabbits succumbed to
disease prior to cutaneous rash formation (18). We feel that
our results from this study of first-, second-, and third-gener-
ation vaccines in the prairie dog model augment results found
in comparable animal model studies, which have shown that
while MVA vaccines protect from mortality, some “break-
through” of disease, albeit attenuated, does occur.

To attempt to better understand this attenuated disease and
the effects of the vaccines on the level and duration of viral
load/viral shedding, we measured DNAemia by RT-PCR in
blood and infectious virus by tissue culture from oropharyngeal
secretions and compared these results among vaccinated and
unvaccinated animal groups (Fig. 7). A previous report for an
NHP study using i.t. administration of 107 PFU MPXV after
vaccination with Elstree-RIMV or two doses of MVA-BN in-
dicated that the MVA-BN-vaccinated animals had viral loads
(in plasma and throat swabs) that were higher than in the
Elstree-RIMV-vaccinated animals but less than the unvacci-
nated controls (47). In a similar study, using two-doses of
MVA and an i.v. MPXV (107 PFU) challenge, MVA-vacci-
nated animals had viral genome levels (GE/ml) in blood that
were significantly higher than the Dryvax-vaccinated animals
but significantly lower than unvaccinated control animals (13).
We observed a similar result in our high-dose (106 PFU),
two-dose IMVAMUNE study, which showed that IMVAMUNE-
vaccinated animals had MPXV DNAemia levels that were
statistically indistinguishable from those observed in unvacci-
nated animals and were slightly but significantly higher than
those observed in Dryvax- and Acambis2000-vaccinated ani-
mals from day 7 through day 14. In addition, the infectious
viral load in oral swabs was statistically indistinguishable be-
tween IMVAMUNE-vaccinated animals (106 PFU) and unvac-
cinated control animals (�106 PFU) and higher than Dryvax-
vaccinated (105 PFU) or Acambis2000-vaccinated (105 PFU)
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animals on day 7. On day 14, only the unvaccinated (�106

PFU) and IMVAMUNE-vaccinated animals (�103 PFU) had
any infectious virus in oral swabs, although notably, the
IMVAMUNE-vaccinated animals excreted �3 logs less virus.
Our conclusions are that after challenge with high-dose
MPXV, IMVAMUNE-vaccinated animals have similar
DNAemia in blood but presumably shed less virus than unvac-
cinated animals, but they have more DNAemia in blood and
presumably shed more virus and for a longer duration than
Dryvax- or Acambis2000-vaccinated animals. Further studies
measuring infectious virus in blood and transmission studies using
MPXV-challenged animals after various vaccination regimens
would help to clarify the significance of these observations.

Our study and the NHP studies referenced above indicate
that even though MVA induces NAbs to levels similar to
Dryvax by 30 days after the last vaccination, animals vaccinated
with MVA, but not Dryvax, still exhibit attenuated rash illness
upon challenge. While this may be a function of the high levels
of challenge dose used in the study, it is more likely an indi-
cation of differences in the MVA-induced immune response,
which fail to constrain viral replication before the secondary
viremia, and seeding of the skin, with virus. In OPXV infec-
tions, examination of the effects and interactions of the hu-
moral and cellular responses induced by smallpox vaccines is
an active area of research (51, 52, 73). NAbs appear to be more
necessary for protection from challenge than cellular responses
(9, 15, 17, 54, 56), but there is compelling evidence that intra-
muscular administration of MVA protects B cell-deficient mice
(79), indicating that MVA can protect irrespective of Abs. The
level of protection attributed to each immune response com-
ponent appears to be highly variable across animal models
(51), as MVA-vaccinated macaques have been shown to have
lower cellular immune responses than Dryvax-vaccinated ma-
caques (54), but human MVA vaccinees have higher VACV-
specific CD8 T cell responses (56). In addition, no correlation
between survival and cellular cytokine production was seen in
VACV-WR-challenged mice (50), indicating a need for more
studies of cellular immunity in animal models of smallpox
vaccination (73). In our study, all vaccinated animals, regard-
less of challenge dose (17� or 170� the LD50) or vaccine
regimen (one or two doses of IMVAMUNE), had higher levels
of total Abs and NAbs than unvaccinated animals on day 0,
and these responses increased by day 7 due to a robust anam-
nestic response (Fig. 3 and 4). This may indicate that the
attenuated disease seen in IMVAMUNE-vaccinated animals is
due to differences in the vaccine-induced cellular response. We
are currently performing studies to generate the immunologi-
cal reagents necessary to study the cellular immune response in
this model in an attempt to understand what role the cellular
immune response plays in vaccine-induced protection.

Differences seen in protection from illness by these vaccines
could also be due to differences in the neutralizing targets of
vaccine-induced Abs. Protein microarrays comparing MVA or
Dryvax vaccination in humans and macaques have indicated
that the Ab profiles induced by each vaccine are broadly sim-
ilar (10), and macaques vaccinated with MVA or Dryvax
mount similar Ab responses to the L1, A33, and B5 proteins
(13). In another study, MVA vaccination induced similar levels
of NAbs as Dryvax, with MVA inducing an increased NAb
response to extracellular enveloped virion proteins (56). In our

study, we observed that the IMVAMUNE-vaccinated animals
had similar numbers of NAbs but lower total Abs on day 7
postchallenge compared to the Dryvax- or Acambis2000-vac-
cinated animals. IMVAMUNE-vaccinated animals also had
the highest level of NAbs on day 0, but Dryvax- and Acam-
bis2000-vaccinated animals had levels of NAbs that equaled or
surpassed those of the IMVAMUNE-vaccinated animals by
day 7. Interpretations of these observations are complicated by
the use of different VACV strains in each assay (Wyeth for
ELISA, WR for HCS-GFP), and we are currently investigating
the proteins targeted by Abs induced by IMVAMUNE,
Dryvax, and Acambis2000 in order to better understand this
observation and to determine if differences in NAb targets
correlate to the differences in protection from rash illness seen
in this model.

Although MPXV-infected NHP are a frequently used ani-
mal model for the testing of smallpox vaccines and recent
research continues to improve this model (19), the expense of
these animals and their relatively complicated husbandry make
an inexpensive, easily obtainable, easily husbandried small an-
imal model—like the prairie dog—attractive as an alternate
model for use for initial testing of second- and third-generation
vaccines. Comparisons with other small animal models, (1, 2,
50) show that the pathogenesis of MPXV in prairie dogs is
more similar to systemic OPXV infection in humans than other
small animal models in both the route of transmission of chal-
lenge virus and length of viral incubation period. This 7- to
9-day incubation period is especially important, as it poten-
tially makes the MPXV-infected prairie dog an ideal model for
testing postexposure therapies, as have recently been tested in
ECTV-infected mice (55). In addition, unlike the recently de-
scribed MPXV-infected STAT1�/� mice (71) and inbred
mouse models (2), the prairie dog is an immunocompetent and
natural host for MPXV. Although these animals have not been
successfully bred in captivity, they are easily available; although
there are a limited number of commercially available reagents
for this model, the fact that the prairie dog is an outbred
animal model should offer a more realistic view of the vari-
ability in protection that will occur in any human vaccination
program. These characteristics make the prairie dog a useful
small animal model for evaluation of pre- and postexposure
medical countermeasures, such as vaccination.

In summary, our results demonstrate that the MPXV-chal-
lenged prairie dog animal model offers a novel alternative
small animal model to further explore humoral and cellular
immunity and the mechanisms of protection of prophylactic
smallpox vaccination, and possibly to assess postexposure vac-
cine efficacy. In this study, Dryvax or Acambis2000 completely,
and single-dose IMVAMUNE partially, protected animals
from rash illness from a low-dose systemic OPXV challenge
administered 30 days prior to challenge. Similarly, a two-dose
IMVAMUNE vaccination regimen, Dryvax, and Acambis2000
regimens all protected animals from death from a high-dose
systemic OPXV challenge when vaccination regimens were
completed 30 days prior to challenge. In the high-dose chal-
lenge study, the amount of rash illness in IMVAMUNE-vac-
cinated animals was subjectively 10-fold lower than that seen in
the unvaccinated animals but was significantly higher than that
seen in Dryvax-vaccinated, Acambis2000-vaccinated, or unin-
fected animals.
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